Abstract: Poly(vinyl acetate) (PVAc) composites were prepared by different approaches, namely (i) by mechanical mixing of untreated CaCO 3 and PVAc, (ii) by mechanical mixing of CaCO 3 pre-treated by irradiation polymerization in the presence of vinyl acetate, and (iii) by in situ emulsion polymerization of VAc in the presence of untreated CaCO 3 nanofiller. The effects of nanoparticle pre-treatment and different approaches of preparation were correlated with changes in morphology and mechanical properties of PVAc composites using scanning electron microscopy and tensile tests. Untreated CaCO 3 nanoparticles in the composite prepared by mechanical mixing provided strong interactions with the PVAc matrix. On the other hand, CaCO 3 pre-treated nanoparticles decreased the interfacial interactions. For composites prepared by in situ polymerization a better dispersion of encapsulated nanoparticles was achieved and, as a result, a significant improvement of composite strength was observed. Interfacial interactions in nanocomposites can be changed by filler pre-treatment or by a suitable way of nanocomposite preparation.
Introduction
The effect of reinforcement of polymers by using fillers, whether organic or inorganic, is common in the production of modern plastic. Nanocomposites filled with nanoparticles represent an alternative to the conventionally filled polymers or polymer blends. In contrast to the conventional systems where reinforcement is on the order of microns, discrete constituents on the order of a few nanometers exemplify polymer nanocomposites [1] . Polymer-based nanocomposites are attractive materials owing to their unique properties resulting from the nano-scale microstructure. Among the other most important factors that affect the composite properties are dispersion and adhesion at the polymer / filler interfaces [2, 3] .
Uniform dispersion of these nano-sized filler particles produces a very large interfacial area per volume between the nanoparticles and the polymer matrix. A homo-geneous dispersion of nanoparticles in the polymer matrix is very difficult to obtain, due to the strong tendency of nanoparticles to agglomerate. In the last decade, a great interest has been shown in the production and characterization of organic/ inorganic nanocomposites [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Nanocomposite structure can be achieved with appropriate preparation.
Grafting of polymers onto the nanofiller surface is a subject of a great interest [4] [5] [6] [7] [8] [9] [10] [11] [12] . For example, polymer-encapsulated or grafted particles can be obtained during emulsion polymerization in the presence of nanofillers. In many cases, an actually grafted polymer was not obtained, but the particles are covered with strongly bonded polymer mainly through electrostatic forces [8] .
Jansenn et al. [6] have shown that on a CaCO 3 surface modified with titanate tightly bonded polystyrene has remained. Bazyliak, Bratychak et al. [19] [20] [21] [22] [23] used oligomers containing peroxy groups for the chemical modification of polymers. Bourgeat-Lami, Espiard et al. [8] [9] [10] investigated the emulsion polymerization of ethyl acrylate in the presence of two kinds of nano-SiO 2 (12 nm), either functionalized with a silane coupling agent or not. They concluded that a part of the polymer is covalently grafted only on the pre-treated SiO 2 nanoparticle surface. Yu et al.
[l2] prepared CaCO 3 + polystyrene (PS) composite by emulsion polymerization in the presence of CaCO 3 nanoparticles (50 nm) pre-treated with γ-methacryloyloxypropyltrimethoxysilane in order to introduce polymerizable groups onto its surface. They found strong adhesion between CaCO 3 and PS.
Some authors used irradiation grafting for the modification of nanoparticles and then mixed the pre-treated nanofiller with the polymer matrix [14] [15] [16] [17] . Rong et al. [14] [15] [16] [17] grafted the polymer onto a nano-SiO 2 surface by irradiation polymerization, and then the grafted filler was compounded with a polypropylene (PP) matrix. They expected that owing to the low molecular weight of grafting monomers, they will easily penetrate into agglomerated nanoparticles and react with the activated sites on the nanoparticles' surface, inside as well outside of the agglomerates.
The aim of this work was to find a way of nanocomposite preparation with better dispersion of calcium carbonate (CaCO 3) nanoparticles in a poly(vinyl acetate) (PVAc) matrix. For that purpose we choose different approaches, namely by mechanical mixing of PVAc with untreated CaCO 3 and with CaCO 3 nanoparticles pre-treated by irradiation polymerization in the presence of vinyl acetate (VAc), and also by in situ emulsion polymerization of PVAc in the presence of untreated CaCO 3 nanoparticles. Mechanisms of failure and mechanical properties of the PVAc + CaCO 3 nanocomposites are discussed.
Experimental part

Materials
The matrix and nanofiller used in this work were all of commercial grade. Poly(vinyl acetate) (PVAc) water emulsion (55% of solid content) supplied by Karbon nova d.d., Zagreb, Croatia, was used as a matrix. Precipitated CaCO 3 nanofiller from Solvay, Rheinberg, Germany, with average primary particles of 20 nm diameter, specific surface area of 70 m 2 /g and specific gravity of 2.73 g/cm 3 was used. Commercial vinyl acetate (VAc) monomer was used for grafting without further purification.
Irradiation polymerization of CaCO 3 nanofiller
The CaCO 3 nanofiller was preheated at 120°C in an oven for 5 h to eliminate water adsorbed on the surface of the particles. After that, a mixture of nanoparticles/ monomer (100/40 w/w) with or without initiator dibenzoyl peroxide (DBP) and a certain amount of acetone was irradiated by 60 Co γ-rays, at a dose rate of 1 Mrad/h in air. After exposure to a dose of 4 Mrad, the solvent was recovered, and the dried residual powder after grinding was ready for composite preparation.
Nanocomposite preparation
The nanocomposites were prepared by:
(A) Mechanical mixing of PVAc matrix with a certain amount of CaCO 3 (untreated or pre-treated) nanofiller (6, 9, 12, 15 vol.-%). The preparation procedure was as follows: the PVAc matrix emulsion was divided into two parts. The first part was mixed with additional water and filler in a mass ratio 1 : 1 : 2. Dibutyl phthalate (DBPh) and butyldiglycol acetate (BDGA) were added to the second portion of the emulsion in the following mass ratio -emulsion : DBPh : BDGA = 1 : 0.8 : 0.02. The two mixtures were then blended so that the dried composite film would have the desired amount of CaCO 3 nanofiller in the range of 6 -15 vol.-%.
(B) Emulsion polymerization of VAc monomer in the presence of a certain amount of CaCO 3 nanofiller (0.75, 2 and 7 vol.-%). The emulsion polymerization was carried out in a reactor (stirring rate 200 min -1 ). The mixture of water, emulsifier, CaCO 3 nanofiller, and part of VAc monomer was added to the reaction vessel and heated, with continuous stirring, until the reaction temperature was reached (90 ± 0.1°C). Then the aqueous solution of the initiator and the second part of monomer (preheated to the reaction temperature) were added and polymerization started. The same quantities of DBPh and BDGA were added into the nanocomposite emulsion as well as into the nanocomposites prepared by the mixing procedure.
Experimental techniques
The matrix and the nanocomposite samples were prepared in the form of films, by pouring the mixtures onto a polyethylene foil and drying to constant weight. The thickness of the dried films was ≈ 0.1 mm.
FTIR analysis with a Nicolet 20 DXC FTIR spectrometer was used to identify the presence of soluble homopolymer and/or insoluble grafted PVAc polymer on the CaCO 3 nanoparticle surface before and after the extraction in a Soxhlet with acetone. Morphology and mechanism of failure of nanocomposites were analyzed with a JEOL JSM-T330 scanning electron microscope (SEM). Mechanical properties of nanocomposites were determined with a Zwick 1445 universal testing machine, at 23°C, crosshead speed 100 mm/min, gauge length 30 mm.
Results and discussion
Filler characterization 3 FTIR analysis was used to characterize the layer created around the CaCO 3 nanoparticles after irradiation polymerization in the presence of VAc monomer. FTIR spectra of untreated CaCO 3 and of pre-treated CaCO 3 nanofillers, without addition The lowering of intensities of absorption bands after extraction, which confirmed the presence of PVAc coating on the CaCO 3 surface, indicates that a part of soluble homopolymer has been removed with acetone (Fig. 1b) , but a part of insoluble polymer remained adsorbed and/or grafted on the particle surfaces. A higher amount of insoluble and/or grafted polymer on the CaCO 3 surface is obtained for the system produced by irradiation without initiator, CaCO 3 (PVAc), as shown by the FTIR spectrum in Fig. 1b , in comparison with the spectrum of CaCO 3 (PVAc-DBP).
Addition of initiator in the CaCO 3 + VAc system did not produce a higher amount of grafted polymer, as we expected. Probably the initiator molecules that remained in solution, far from the particle surface, initiated polymerization, rather than the grafting reaction.
The fact is that CaCO 3 does not have reactive sites on the surface, but it is not excluded that the presence of impurities on the surface, such as Ca(OH) 2 , can establish a covalent bonding with polymer [25] . At this moment, we do not have confirmation for that and it requires detailed analysis.
A preliminary investigation has shown that with higher irradiation dose (30 Mrad) only a homopolymer layer was obtained, which has been completely removed with acetone. Similar results were obtained by Rong et al. [15] for a system of grafted styrene + SiO 2 ; they found that by increasing the irradiation dose the conversion and percentage of grafting of styrene increases, while the grafting efficiency decreases. This phenomenon was explained by the production of more activated sites for the homopolymerization process than for the grafting reaction.
In our work with lower irradiation dose, a polymer layer that consists of soluble homopolymer and part of insoluble or grafted polymer on the CaCO 3 surface was obtained. SEM micrographs of CaCO 3 nanofiller before and after irradiation pretreatment are shown in (Fig. 2b) . It should be mentioned that agglomerates might act as potential weak points of stress concentration in composites.
Nanocomposite morphology
The micrographs of unstrained films of PVAc matrix and composites with untreated and with pre-treated CaCO 3 filler are shown in Fig. 3 . The flat surface of the PVAc matrix, as shown in Fig. 3a , resulted from coalescence of spherical beads of PVAc film dried in air.
In micrographs of composite films with untreated ( Fig. 3b) and with pre-treated CaCO 3 nanofiller, without (Fig. 3c ) and with initiator ( Fig. 3d) , a net like structure is illustrated with relatively even distribution of nanoparticles in the PVAc matrix. The wrinkled surface of the nanocomposite film with untreated CaCO 3 nanofiller, PVAc + CaCO 3 in Fig. 3b , shows strong interactions between CaCO 3 nanofiller particles and PVAc matrix, but still with agglomerates. In our previous work [18] we established the presence of strong acid-base interactions in PVAc + CaCO 3 composite between Ca 2+ from CaCO 3 as an electron pair acceptor and the acetate group from PVAc as electron pair donor.
With addition of the polymer pre-treated CaCO 3 nanofiller into the PVAc matrix, some differences in composite morphology were observed, as shown in Fig. 3c and d where filler particles (agglomerates) are more separated, indicating a lower degree of interactions with the PVAc matrix. In our previous paper [18] we have observed a similar morphology for the PVAc composite filled with CaCO 3 particles pre-treated with sodium stearate, where we confirmed the decreased thermodynamic work of adhesion as a consequence of lower adhesion between nanoparticles and PVAc matrix. On the other hand, the morphology of an unstrained composite film, PVAc + CaCO 3 , prepared by in situ emulsion polymerization of PVAc in the presence of untreated CaCO 3 nanofiller, shown in Fig. 4 , presents a smooth surface of fairly well dispersed nanoparticles. This is a result of more intimate interactions between matrix and nanoparticles. We expected the decreased mobility of adsorbed PVAc polymer chains on the filler surface formed by in situ polymerization. It should be emphasized that during film preparation a great transparency was observed for the composite samples prepared by in situ polymerization. That is also a confirmation of a better dispersion of 6 CaCO 3 in the PVAc matrix, in comparison with composites prepared by the simple mixing procedure. It can be expected that differences in composite morphologies mentioned above will also be reflected on the failure and mechanical properties of composites.
Mechanical properties of PVAc nanocomposites
Mechanical properties of composites depend on the properties at the interface, i.e., on the adhesion between filler and matrix and on the distribution of nanoparticles in the matrix, as well as other factors [2, 3] . Tensile test results of composite films with untreated (PVAc + CaCO 3 ) and with pre-treated nanofiller (PVAc + CaCO 3 (PVAc) and PVAc + CaCO 3 (PVAc-DBP)) against volume fraction of filler are presented in Fig. 5 . The increased tensile strength, σ b , for all investigated composite films indicates the reinforcing effect of CaCO 3 on the PVAc matrix (Fig. 5a ).
Composites with untreated CaCO 3 nanofiller show a continuous increase of strength over a whole range of filler concentration up to 15 vol.-% (Fig. 5a ), along with a decreasing elongation at break (Fig. 5b) . As it was expected, the modulus of composites increased with filler content, as a consequence of the increased stiffness of the PVAc matrix with addition of solid particles (Fig. 5c ).
These results reflect the strong interactions between CaCO 3 nanofiller and PVAc matrix, and also the creation of an immobilized polymer layer around the particles. In our previous paper [18] for a PVAc + CaCO 3 composite the existence of an interface layer of restricted mobility of PVAc molecules was confirmed by the appearance of a second tan δ peak in a temperature range of 60 -100°C, which was assigned to the restricted mobility of PVAc chains, due to strong interactions with filler particles. Similar results were obtained for silica-filled poly(vinyl acetate) [7] and CaCO 3 -filled polypropylene [26] composites. They emphasize that strong interactions cause much more significant restrictions in molecular mobility of polymer around the particles, in comparison to composites with weak interfacial interactions.
The mechanical responses of the PVAc composites were somewhat different for pretreated CaCO 3 nanoparticles, in comparison with the untreated ones. For both kinds of pre-treated CaCO 3 (with and without initiator), the nanofiller similarly enhances the tensile properties. Both composites PVAc + CaCO 3 (PVAc) and PVAc + CaCO 3 (PVAc-DBP) show higher tensile strength than the PVAc matrix, but the strength remains almost unchanged at all concentrations up to 15 vol.-%, σ b ≅ 5.5 ± 0.3 N/mm 2 , along with a monotonic decrease of the elongation at break (Fig. 5a) . The level of reinforcement with pre-treated CaCO 3 in comparison with untreated one is lower, as a consequence of a lower adhesion between pre-treated CaCO 3 and PVAc matrix. Similar results were found in literature [14] [15] [16] [17] where authors also emphasized the importance of interdiffusion and entanglement of the grafting polymer segments on the SiO 2 filler surface with polypropylene molecules in increasing the composite strength. A certain degree of reinforcement on the composites with polymer pretreated CaCO 3 nanoparticles may also be a result of some interdiffusion and entanglement between homopolymer and grafted polymer molecules on the filler surface and polymer matrix molecules (Fig. 5a ).
Since we do not have a clear insight in the polymer layer structure on the filler surface, it can be presumed that a part of insoluble polymer molecules are actually grafted and this explanation can also be accepted for the composites with pre-treated CaCO 3 nanofiller. The interfacial viscoelastic deformation and matrix yielding might have contributed to the increased value of elongation at break in composites with pre-treated CaCO 3 [14] [15] [16] [17] . In the range of small deformations (< 1%) the composites with pre-treated CaCO 3 nanofiller also show different behaviour. The modulus of PVAc + CaCO 3 (PVAc) and PVAc + CaCO 3 (PVAc-DBP) were not changed significantly, and rather have values similar to those of the unfilled PVAc matrix, as shown in Fig. 5c . Such behaviour can be explained by the formation of a relatively compliant interlayer at the particle/ polymer matrix interface with polymer pre-treated CaCO 3 nanoparticles, which tends to mask the stiffness of the filler particles [14] [15] [16] [17] .
Rong et al. [14] [15] [16] [17] found a similar tendency of lowering modulus for PP filled with SiO 2 nanoparticles pre-grafted with different polymers, and emphasized that in the case of a relatively compliant interface, stress transfer is hindered and hence the stiffness of the filler particles is masked to a certain extent, as reflected in a lower modulus than for the composite with untreated SiO 2 filler. Further attempts will be made to reveal the true role of the complex interface in composites with polymer pretreated CaCO 3 nanoparticles.
On the other hand, for the nanocomposites prepared by the in situ procedure, a better distribution of CaCO 3 nanoparticles in the PVAc matrix greatly affects the mechanical properties of the nanocomposite, as shown in Fig. 6 . Comparison of the stress-strain curves in Fig. 6 indicates that the reinforcement effect for the composite prepared in situ is higher than for the composite obtained by the simple mixing procedure. The increase of composite tensile strength along with the significant decrease of elongation for the PVAc + CaCO 3 composite prepared in situ (Fig. 6 ) is a result of the created constrained-matrix structure, as a consequence of more intimate interactions between nanoparticles and PVAc matrix. The changes in tensile strength vs. content of nanofiller clearly show the reinforcement effect on the PVAc matrix for the in situ prepared composites, as illustrated in Fig. 7 . With a lower amount of nanofiller (2 vol.-%) we can achieve almost the same level of improvement on the tensile strength of composites (Fig. 7) in comparison with the composites prepared by simple mixing (6 vol.-%). According to the analysis above, the preparation of composites by the in situ procedure, i.e., by the encapsulation of nanoparticles by polymers through polymerization, is an efficient way to prevent agglomeration and improve mechanical properties in comparison with simple mixing procedures.
Failure in nanocomposites
Differences of mechanical properties of composites mentioned above resulted from differences in the nanocomposite structure. The failure mechanisms of PVAc matrix and PVAc + CaCO 3 composites with untreated and pre-treated nanofiller were studied based on the SEM examination of the fracture surfaces obtained after the was film strained to break (Fig. 8) . In thermoplastic polymers failure may initiate at a weakness in the structure when local stress is built up at this point, by two deformation mechanisms of shear yielding or crazing [27] . In polymer composites failure may be initiated in the matrix, or within the agglomerates of particles, or at the filler/polymer interface. In Fig. 8a the fracture surface of a strained PVAc matrix shows longitudinal voids bridging the gap between so-called 'nodules' [27] regarded as bundles of more or less parallel chains as a consequence of the shear yielding mechanism. In a composite with untreated nanofiller, prepared by the mixing procedure, PVAc + CaCO 3 in Fig. 8b , a cohesive failure in the polymer matrix is observed, as a consequence of the strong interactions at the interface.
By the addition of pre-treated CaCO 3 nanoparticles into the PVAc matrix the mechanism of failure was changed and signs of dewetting are noticed (Figs. 8c and  d) as a result of lowered interactions at the interface after the pre-treatment by irradiation without or with initiator. A visible separation of the matrix from the nanoparticle aggregates is shown in magnified rectangles in Figs. 8c and d . The corresponding micrograph of the fractured surface of the PVAc + CaCO 3 composite film prepared by the in situ procedure is shown in Fig. 9 . The fractured surface is smoother (Fig. 9 ) in comparison with the PVAc + CaCO 3 composite prepared by simple mixing, as a consequence of the predominately cohesive failure in the PVAc matrix, by the shear yielding mechanism, due to strong interactions on the filler/matrix interfaces (Fig. 8b) .
In a nanocomposite with untreated filler, PVAc + CaCO 3 , as well as in PVAc + CaCO 3 -in situ, a cohesive failure in the matrix (Figs. 8b and 9 ) is observed, in contrast to the nanocomposites with pre-treated particles, where signs of dewetting are noticed (Figs. 8c and d) as a consequence of weaker interactions at the interface.
Conclusions
11
The way of nanocomposite preparation influences the mechanical properties of nanocomposites. The nanocomposite PVAc + CaCO 3 prepared by the in situ procedure in comparison to the simple mixing procedure showed the trend of improving the mechanical properties and increased reinforcement. In situ emulsion polymerization of PVAc in the presence of CaCO 3 nanofiller provides a better dispersion of nanoparticles and consequently a better adhesion of nanoparticles with the matrix. The nano-sized particles are in that case well suited to create nanocomposites with constrained matrix.
